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Introduction 
A natural cell membrane is a fluid bilayer, containing a variety of lipids and proteins. The membrane 
is dynamically stable and heterogeneous, and both properties are closely related to the structural 
features of lipids.  A typical example, where the topology of lipids affects the stability of vesicles, is 
seen in natural systems.  It is well known that lipids in eukaryotic membranes contain untethered 
double hydrocarbon chains.  Indeed, archaeal cells containing macrocyclic lipids in its membrane can 
survive under extreme conditions, while eukaryotic cell, containing noncyclic lipids in the membrane, 
can not survive in harsh environments.  When the hydrophobic alkyl chains are tethered by a C−C 
bond at the terminus, it is considered to restrain the conformational change from the trans to gauche 
geometry, which is advantageous in terms of stability.  This finding gave an incentive to investigate 
the topological effect of synthetic amphiphiles, namely, the difference in the stability of vesicles 
between the amphiphiles with tethered and untethered hydrophilic parts.  Because polyethylene glycol 
(PEG) chain is a common hydrophilic block and its gauche to trans conformational change at C−C 
bonds can be affected by topologies of molecules, the issue how the topology of molecule influences 
the vesicular stability, in cases of cyclic and bola amphiphiles containing PEG chains, was studied in 
detail.  In addition, the heterogeneity of the cell membrane caused by coexistence of different lipid 
membrane phases, is another issue of importance.  The lipid phases can adopt different phases such as 
solid-ordered phase, liquid-ordered phase, and liquid-disordered phase depending on the temperatures 
and the quantity of cholesterol.  The distribution of cholesterol in different lipids under physiological 
condition causes phase separation and induces the formation of lipid raft, which is described as 
sphingolipid-cholesterol enriched microdomain floating in the liquid-disordered membrane. While raft 
formation in the model membranes have intensively been investigated so far, studies on the domain 
formation by synthetic lipids are rare.  Thus domain formation by non-symmetric hydrocarbon and 
fluorocarbon-containing amphiphiles is also investigated. 
Results and discussion 
(1) Topological effect of PEG-containing cyclic and bola amphiphiles on vesicular stability 
A pair of cyclic and bola amphiphiles, containing thermo-responsive PEG chain as the hydrophilic 
part and chiral fluorescent unit as hydrophobic core, were synthesized.  Dynamic light scattering 
(DLS) measurements and cryo-transmission electron microscopic (CryoTEM) observations indicated 
that the cyclic and bola amphiphiles form small unilamellar vesicles (SUVs) in an aqueous medium. 
Circular dichroism spectroscopy displayed strong split Cotton effects corresponding to the self-
assemblies of the cyclic and bola amphiphiles.  Upon temperature elevation, the bola amphiphile 
showed essentially unchanged DLS profile and significant split Cotton effect even at 90 °C.  In 
contrast, the light scattering of the cyclic amphiphile in water became too weak to be analyzed and the 
split Cotton effect also disappeared at temperatures higher than 60 °C, suggesting the collapse of the 
SUVs.  Thus, it is demonstrated that the bola amphiphile forms a more stable SUV than the cyclic one.  
In order to clarify the topological effects of the amphiphiles on the vesicular stability, surface 
pressure−area isotherm and variable temperature 13C NMR were measured.  It was indicated that the 
large molecular area and gauche to trans conformational change at the PEG chain of the cyclic 
molecule are likely responsible for its lower thermal stability of the SUV.  Thus, it is demonstrated 
that amphiphiles containing PEG chains with different topologies can show contrastive stability of the 
vesicles to the natural lipid systems. 
 
(2) Domain formation by non-symmetric hydrocarbon-containing amphiphiles 
Inspired by the natural lipid rafts which are induced by the immiscibility of two structural different 
lipids, non-symmetric hydrocarbon amphiphiles were synthesized in order to achieve the domain 
formation in DOPC membrane at liquid-disordered phase.  The hydrophobic core consists of two 
blocks, diphenylacetylene (DPA) unit which is capable of forming π–π stacking and saturated 
hydrocarbon chain, a common hydrophobic moiety in the natural lipids.  On the other hand, DOPC, a 
natural lipid, bears two same unsaturated alkyl chains.  The kinks in the alkyl chains weaken van der 
Waals interactions.  By virtue of this non-symmetric molecular design, when mixing the molecule 
with DOPC, phase separation or domain formation possibly occurs.  Indeed, cyclic hydrocarbon-
containing amphiphile likely showed phase separation in DOPC large unilamellar vesicles as well as 
DOPC giant vesicles.  
(3) Domain formation by non-symmetric fluorocarbon-containing amphiphiles 
Fluorocarbon chains are more hydrophobic than hydrocarbon chains because of low dielectric 
constants. Additionally, it is lipophobic due to the weak van der Waals interactions among 
fluorocarbon and hydrocarbon molecules.  By substituting the hydrocarbon chain with a fluorocarbon 
chain in the amphiphiles reported in Chapter 3, non-symmetric fluorocarbon-containing amphiphiles 
were synthesized with an expectation that it is more efficient to form domains in lipid membranes.  In 
this case, the formation of domains after the heating-cooling processes was indicated. 
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ABSTRACT: Topology of amphiphiles is important to control
physicochemical properties of supramolecular assemblies.
Nature demonstrates higher stability of membrane composed
of lipids with a macrocyclic aliphatic tail than those with linear
tails, which likely results from the restricted molecular structures
of the macrocyclic lipids, allowing for closer molecular packing.
In contrast, here we report that a PEG-containing macrocyclic
amphiphile shows lower stability of vesicles than the
corresponding acyclic one. The macrocyclic amphiphile consists of an aromatic hydrophobic part with chir lity in which both
ends are strapped by octaethylene glycol via phosphoric ester groups, while the acyclic amphiphile bears tetraethylene glycol
chains attached to both ends of the hydrophobic part. Because of the thermoresponsive property of PEG to change its
conformation, the hydrophobic part of the macrocyclic amphiphile underg es a larger t ermal conformational change than that
of the acyclic one. In addition, the cyclic amphiphile has a larger molecular area, which likely reduces the vesicular stability
compared with the acyclic one. Such a contrasting topological eﬀect caused by macrocyclization at the aliphatic part seen in the
natural system and at the hydrophilic part demonstrated in this study leads to expand the molecular design of amphiphiles for
both increasing and decreasing the stability of vesicles by molecular topology.
■ INTRODUCTION
Supramolecular assemblies of amphiphiles are involved in a
variety of applications including cosmetic, pharmaceutical, and
materials chemistry, where control of their physicochemical
properties is always a central issue. Among the several factors,
topology of molecules is known to be crucial for the thermal
properties of lipid bilayers.1−9 Indeed, topological eﬀects of
phospholipids on self-assembly are found in nature, where the
thermophilic archaeal plasma membranes containing macro-
cyclic lipids are thermally more robust than other bacterial
plasma membranes consisting of acyclic lipids.10,11 The higher
stability of the archaeal plasma membrane is considered to
come from the restricted molecular structures of the macro-
cyclic lipids, which allow for closer packing than the typical
acyclic lipids.12−18 Inspired by such natural systems, macro-
cyclic amphiphilic polymers forming micelles in aqueous media
have been synthesized so far, where their assemblies show
higher stability than those of the corresponding linear polymers
in most cases, likely due to the restricted conformations.19−21
Meanwhile, we have recently found unique thermoresponsive
behaviors of oligo(ethylene glycol)-containing multiblock
macrocycles in aqueous media22 and crystals,23 triggered by
the thermal conformational change at the oligo(ethylene
glycol) units. This background and ﬁndings inspired us to
develop an oligo(ethylene glycol)-containing macrocyclic
amphiphile 1 to compare the supramolecular properties with
an acyclic c unterpart 2. Her in, we report distinctive eﬀects of
the macrocyclization of an amphiphile by PEG on a thermal
stability of vesicles.
■ EXPERIMENTAL SECTION
Instruments. 1H and 13C NMR spectra were recorded on 400
MHz FT NMR Bruker BioSpin AVANCE III 400 spectrometer or 500
MHz FT NMR Bruker BioSpin AVANCE III 500, where the chemical
shifts were determined with respect to tet amethylsilane (TMS) or
hexamethyldisilane (HMDS). Dynamic light scattering (DLS)
measurement was performed with Malvern Zetasizer Nano ZSP
light-scattering detector, where 1.0 cm quartz cell was used. Matrix
assisted laser desorption/ionization-time of ﬂight mass (MALDI-TOF
MS) measurement was performed with Bruker autoﬂex speed mass
spectrometer with α-cyano-4-hydrocinnamic acid (CHCA) as a matrix.
Electrospray ionization (ESI) TOF MS spectra were recorded on
Bruker icrOTOF-Q II−S1 mass spectrom ter. UV absorp ion
spectra were recorded on JASCO V-530 UV−vis spectrophotometer.
Circular dichroism (CD) spectra were recorded on a JASCO J-820
spectropolarimeter. Fluorescence spectra were recorded on a JASCO
FP-6500 spectroﬂuorometer. Fluorescence lifetime was measured with
a Hamamatsu Photonics Quantaurus-Tau ﬂuorescence lifetime
spectrometer. Surface tension was measured with Kyowa Interface
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